-Introduction
Thermal f i e l d desorption is the removal of field-adsorbed species from the surface of a f i e l d ion t i p which can be achieved by raising the temperature of t h e metal tip. Being an activated process, one could argue t h a t its r a t e constant should follow an Arrhenius parametrization where Ed is the activation energy, obtained from adiabatic energy curves, and the prefactor v r e f l e c t s the ionization probability of the adsorbed molecule.
This simple-minded approach, however, ignores a number of interesting questions, e.g. whether the desorbing species emerge a s ions or neutrals, whether postionization occurs, and what the energy d i stribution of the desorbing species is. To ansver such questions one has t o s e t up a kinetic theory t h a t accounts f o r energy and charge t r a n s f e r by formulating the appropriate master equation f o r the problem and c a l c u l a t e a l l transition probabilities from f i r s t principles. T h i s theory was formulated r e c e n t l y / l / .
In t h i s paper we w i l l present detailed calculations of the kinetics of thermal f i e l d desorption of helium. In following papers we w i l l study the kinetics of f i e l d ionization, necessary for a microscopic theory of image formation in the f i e l d ion microscope, and f i e l d evaporation, including the e f f e c t s of postionlzation.
W e s t a r t our discussion of f i e l d desorption by considering a helium atom adsorbed on a f i e l d ion tip. A s temperature is raised, it w i l l eventually get t h e chance t o escape from its binding potential. If i t s escape from the surface is slow enough it w i l l get ionized a t the hump of the ground s t a t e energy curve and reach the detector a s an ion. However, i f ionization, 1.e. tunneling of an electron from the adatom t o the metal, is too slow, the adpartlc l e w i l l escape a s a neutral atom with a kinetic energy t h a t has no r e l a t i o n t o the ground s t a t e energy curve.
Indeed, a n e u t r a l atom in a f i e l d past a c r i t i c a l distance no longer corresponds t o the ground s t a t e of the system but t o some excited s t a t e . I t s potential energy surface is called diabatic.
From t h i s s h o r t discussion it should be obvious t h a t adiabatic s t a t e s a r e not the most intui t i v e basis t o s e t up a kinetic theoriy of f i e l d desorption and f i e l d ionization.
Rather a new basis must .be constructed in which the motion of the gas species is explicitly taken into account; they a r e known a s diabatic s t a t e s . Their construction from adiabatic s t a t e s w i l l be reviewed in the next section including the ldentificatlon of the coupling terms between them. The l a t t e r then form the s t a r t i n g point f o r t h e calculation of transition probabilities f o r ionization which in t u r n w i l l enter a master equation from which observables like energy dependent ion yields, the probability f o r post-ionization etc. can be computed.
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In Fig.1 we present adiabatic and diabatic potential energy curves for several field strengths. Such curves have been drawn qualitatively t o serve a s a basis of Muller's image hump mode1/6,7/, Comer's charge exchange rnode1/8,9/, and f o r discussions of charge hopping and charge draining mechanisms./lO/ According t o the discussion above, the difference between the adiabatic potential energy curves reaches a minimum a t the apex and is of the order of the interaction energy between the highest occupied and the lowest unoccupied orblt a l s . With increasing field, the apex w i l l move towards the metal surface, resulting in an increase in the interaction energy and thus in an increase in the energy difference between the adiabatic energy curves. W e note that 8 varies rapidly from 0' t o 90' over a very short distance, 1.e. l e s s than 0.1A around the apex of the adiabatic ground s t a t e energy curve, lndicative of the narrowness of the ionization zone.
-Adiabatic and diabatic s t a t e s We consider an atom i n f r o n t o f a metal a distance R away from the topmost ion core. The hzmiltonian o f t h e system can be w r i t t e n as where T N = -c az/aR2

2M i s the kinetic energy o f the atomic nucleus and i s the hamiltonian o f the electrons a t positions r,,rz,... Ve includes the Coulomb interactions between t h e e l e c t r o n s , between t h e electrons and t h e nuclei, and between a l l nuclei ( m e t a l l i c and atomic).
Let us f i x t h e position o f t h e adatom, thus s e t t i n g i t s kinetic energy (3) equal t o zero. Physically t h i s implies t h a t t h e electronic degrees o f freedom follow the nuclear motion i n s t a n t l y . We can then diagonalize He ( i n practice, a f t e r approximating i t , e.g., by a tight binding hamiltonian or using density functional theory) t o obtain where t h e c i are adiabatic many e l e c t r o n wavefunctions. The lowest eigenvalue o f ( 5 ) , V o ( R ) represents the ground s t a t e o f t h e system and corresponds t o t h e adiabatic binding energy curve. Lifting an electron from the highest occupied l e v e l ( i n the ground s t a t e ) t o the lowest unoccupied one, generates t h e energy ourve (or rather s u r f a c e , because R i s a threedimensional space coordinate) o f t h e f i r s t excited s t a t e e t c .
To take t h e nuclear motion o f t h e adqtom i n t o account we now proceed t o construct diabatic s t a t e s . There definition i s not unique but must be adopted t o the specific process t o be studied. In t h i s paper we r e s t r i c t ourselves t o f i e l d desorption o f helium for which two diabatic s t a t e s are relevant, namely those for a neutral atom and for a singly charged ion. They are obtained from t h e adiabatic potential energy curves, V i ( R ) in ( 5 ) , by a unitary transformation which reads e x p l i c i t l y / l / Here Woo i s the potential curve f o r a neutral atom, and W++ that o f an ion. The off-diagonal terms Wo+-W+, couple these s t a t e s together and are responsible for ionization or neut r a l i z a t i o n .
We have calculated t h e transformation angle 0 assuming t h a t the many-electron wavefunctions E i are given as Slater determinants with t h e constituent single electron wavefunctions, H r ; R ) , obtained from the ASED-MO programme (including e l e c t r i c f i e l d e f f e c t s ) / 2 -5 1 . The relevant excited s t a t e i s selected as belonging t o t h e same symmetry representation as the ground s t a t e , e.g. i f we model t h e gas-metal system by a tetrahedral c l u s t e r o f metal atoms with helium adsorbed on i t s apex, it has C2, symmetry. Wlth He in i t s 1s ground s t a t e , t h e t o t a l ground s t a t e wave function, $, belongs t o the A , representation. Because W,+ preserves t h i s symmetry, t h e relevant excited s t a t e has a wave function, ee, with t h i s symmetry. Because t h e atom or ion w i l l desorb along t h e steepest field gradient, i.e. perpendicular t o t h e surface, we can neglect any l a t e r a l variation, so t h a t , by assumption, O=B(z) depends on t h e distance, z , from t h e metal only, and i s given by
-Kinetics
To c a l c u l a t e t h e kinetics of f i e l d desorption and ..field ionization a master equation has been derived which reads f o r our present problem/ll/ Here i = O , + r e f e r s t o t h e n e u t r a l and ionic s t a t e of helium. v and u l a b e l t h e s t a t e s i n t h e diabatic potentials, Woo(z) and W++(z), among which phonon-induced t r a n s i t i o n s take place with r a t e s Ri (v,p) . The tunneling r a t e s connecting n e u t r a l and ionic s t a t e s a r e given by To+(u. v) = ?=A4 1 h~ n0,'(R) Wo+(R) n+,,(R) 1 ' A(E+v-Eop, To$ ( 1 1) with In (11) row is t h e h a l f width of the (discrete) l e v e l p in Woo due t o phonon t r a n s i t i o n s and is given a s
To determine t h e nuclear wave functions, nOv and r~+~, in t h e diabatic p o t e n t i a l s we have f i t t e d a Morse potential t o Woo(z) adjusting its parameters a s a function of f i e l d strength.
Likewise, we s e t W++(z) = Wc -eF(z-zc) f o r t h e diabatic curve of t h e ion. For both potent i a l s t h e wave functions can be given analytically.
The ion yield can be calculated from (10-13) and is given approximately by In Fig.2 we show the ion yield a s a time of f l i g h t curve adjusted in position and height t o allow d i r e c t comparison with experimental d a t a by Tsong /12/. W e note t h a t t h e t h e o r e t i c a l curve has an energy width of about 0.6 eV a s compared t o about 1 eV in t h e experiment. Considering a number of t h e o r e t i c a l approximations, discussed in e a r l i e r papers /1-5/ and a l s o t h a t the experiment yields an upper l i m i t , these two estimates compare r a t h e r favorably. Thermal f i e l d desorption being an activated process, we have evaluated t h e yield (14) according t o an Arrhenius parametrization (1). The r e s u l t s are presented in Fig.3 (together with the position of adsorption) a s a function of f i e l d strength. A s explained in e a r l i e r papers /I-5/ we take t h e s e l f c o n s i s t e n t f i e l d from density functional calculations /13/ performed a t f l a t surfaces. This introduces some uncertainties i n t o t h e theory because we have t o represent W, a t r a n s i t i o n metal, by an approximate rs value. To estimate t h e r e l i ab i l i t y of t h i s procedure we present the r e s u l t s in Fig.3 f o r two values rs=1.5 and 2.0. The theory is definitely not more accurate than t h e spread in data points; t h i s is t h e best we can do with our present, r a t h e r crude, c l u s t e r programme (based on t h e ASED-MO method). W e a r e a t present writing a b e t t e r code. The lower panel in Fig.3 indicates an i n t e r e s t i n g q u a l i t a t i v e f e a t u r e , and t h a t is, t h e dramatic increase in t h e prefactor a s a function of f i e l d , more ?r l e s s i n an exponential fashion. W e r e c a l l t h a t in ordinary, i.e. f i e l d f r e e , thermal desorption, t h e e f f e c t i v e prefact o r is a product of a sticking coefficient and an attempt frequency t o desorb.
In thermal f i e l d desorption, t h e r o l e of t h e sticking coefficient is replaced by t h e ionization probab i l i t y a t the apex of the adiabatic ground s t a t e energy curve.
It varies from zero in F=O t o a s a t u r a t i o n l i m i t in high f i e l d s , a s borne out by our calculations. For He t h i s strong f i e l d dependence of t h e prefactor has an i n t e r e s t i n g consequence. W e note t h a t f o r He the activation energy f o r f i e l d desorption is roughly equal t o t h e depth of the diabatic curve f o r t h e n e u t r a l species. Thus thermal desorption of n e u t r a l and ionic He in a f i e l d have t h e same desorption energy, implying t h a t t h e r a t i o of ions t o n e u t r a l s is proportional t o t h e r a t i o of t h e prefactors. Because t h e prefactor f o r t h e desorption of n e u t r a l He is not a s t r o n g function of f i e l d s t r e n g t h , we predict t h a t t h e r a t i o of ion t o n e u t r a l yield is an exponential function of f i e l d strength.
In p a r t i c u l a r , w e l l below t h e b e s t image voltage, thermal desorption w i l l only yield n e u t r a l He.
To t e s t t h i s idea, an experiment should s t a r t from a well defined, constant coverage of He t h a t is t o t a l l y removed by a f a s t temperature r i s e s o t h a t t h e t o t a l number of desorbed species remains constant. If t h e detect o r only r e g i s t e r s ions, one should see the exponential increase in ion yield d i r e c t l y .
